Immunocytochemistry for amino acids with post-embeddiag gold is compatible with glutaraldehyde fmtion, osmidon, and embedding in epoxy-based plastics, but h u n o g o l d detection of larger molecules in the central nervous system commonly requires special procedures, e.g. minimizing exposure to glutaraldehyde, eliminating osmium, cryosectioning, andlor embedding in acrylic plastics. These make samples more dif5cult to prepare and view and may compmmke structural preservation. We report a new technique, fixing with high levels of glutaraldehyde, replacing osmium with tannic acid followed by other heavy metals and p-phenylenediamine, and embedding in Epon. This method opti-' mizes antigenicity while retaining the structural preservation and convenient handling of standard embedding techniques. Compared to standard Epon embedment, labeling for neuropeptides in brain and spinal cord is improved. Moreover, the present method yields excellent labeling of glutamate receptors (difficult to identify with traditional post-embedding techniques) and enables simultaneous visualization of associated neurotransmitters. ( J Hisrochem  Cytochem 43:283-292, 1995) 
Introduction
Post-embedding gold labeling for electron microscopic (EM) immunocytochemistry provides important advantages over preembedding methods, including better localization and structural preservation (Stirling, 1990; Hayat, 1989) . It is also suitable for quantitative study, as gold particle density can be directly measured while the problem of variable antibody penetration is avoided. Postembedding immunocytochemistry on standard material (fixed in glutaraldehyde, post-fixed in 0~0 4 , and embedded in epoxy plastics) works well for the study of amino acids (Phend et al., 1992; Van den Pol et al., 1990; Ottersen, 1989; Somogyi and Soltbz, 1986; . However, many larger molecules may completely lose immunoreactivity, or label with only low sensitivity and high background. A number of modifications have been introduced, but each has shortcomings (see Discussion). We report here a technique that preserves immunoreactivity with only minimal associated dkficulties.
os04 is a highly reactive fixative, preserving membranes at least in part by bonding to unsaturated lipids (Hayat, 1989) . Unfortunately, os04 may also react with tissue antigens, making it un-
Materials and Methods
Fixation. Twelve male Sprague-Dawley rats were anesthetized with pentobarbital and intra-aortically perfused with fixative after a brief flush with heparinized saline; anesthesia and surgical procedures were in accord with approved Institutional Animal Care and Use protocols. Fixation was normally with a mixture of 2.5% glutaraldehyde, 0.5-1% freshly depolymerized paraformaldehyde, and 0.1% picric acid in 0.1 M phosphate buffer (PB), pH 7.3. Brains and cervical spinal cords were removed and post-fixed for 2 hr at 4°C. Fifty-pm transverse sections of brain and spinal cord were cut on a vibratome and stored in PB. Some sections were then post-fixed with Os04 and processed by standard techniques (Phend et al.. 1992) ; others from each animal were processed in parallel using various experimental treatments.
Experimental Treatments. Sections were treated with TA (EM grade; Mallinckrodt, St Louis, MO) 1% in PB, in Tris buffer, pH 7.6 (TB), or in 0.1 M maleate buffer, pH 6.0 (MB), and subsequently with aqueous UAc (1% in MB Fisher Scientific, Fair Lawn, NJ). TA was a prerequisite for good structural preservation. We tested the effects on contrast and tissue preservation of a variety of heavy metal salts before and during dehydration. These included cerium chloride (1% in MB; Sigma, St Louis, MO), gadolinium nitrate (1% in MB; Alfa, Danvers, MA), gold chloride (0.2% in normal saline; Fisher), hafnium oxychloride (0.5% in 70% ethanol; Alfa), lanthanum nitrate (1% in MB Baker Chemicals, Phillipsburg, NJ), lead nitrate (0.6% in 0.03 M aspartate buffer, pH 5.5, Fisher) (Walton, 1979) . mercuric chloride (0.5-1% in MB or TB; Mallinckrodt), platinum chloride (0.50/0 in MB Alfa), rhodium chloride (0.5% in MB or 50% ethanol; Alfa), sodium tungstate (1% in MB Fisher), and uranyl acetate (1% in 40-70% ethanol). Various salts of transition metals with lower atomic number were also explored, including chromium potassium sulfate, cobalt chloride, nickel ammonium sulfate, potassium ferricyanide, potassium ferrocyanide, and sodium nitroprusside (all from Fisher), as was zinc iodide (Aldrich Chemicals; Milwaukee, WI). p-Phenylenediamine (PPD, Sigma), reported to help preserve lipids in a variety of tissues (Bal, 1990; Boshier et al., 1984; Ledingham and Simpson, 1972) . was tested as a 1% solution in MB, TB, or 50% and 70% ethanol.
Dehydration and Embedding. Dehydration was through graded ethanol solutions ( 5 min each in 50, 70,80,95, and 2 x 100%; schedule modified as necessary to allow treatment with the above treatments) into propylene oxide and Epon or Epon-Spurr (4:6) resin. To explore whether the dehydration might compromise immunoreactivity, we also investigated dehydration only up to 90% ethanol, followed by direct resin infiltration. This greatly impaired structure without improving immunoreactivity.
After overnight infiltration in 100% resin, sections were sandwiched between strips of ACLAR plastic film (Ted Pella; Redding, CA), flattened between microscopic slides, and polymerized at 60'C for 24 hr. Chips from areas of interest (superficial laminae of spinaUtrigemina1 dorsal horn or Layers 1-111 of sensorimotor cortex) were glued onto plastic blocks. Thin sections were cut and collected on 300-mesh uncoated nickel grids, treated Further Processing. For structural evaluation, grids were stained with UAc and Sato's lead and examined with a JEOL 2OOCX transmission electron microscope at 80 kV. Photographs were usually taken at x 20,000. Main criteria for structural preservation in the present study jncluded: integrity of membranes, especially plasma membrane and synaptic vesicles; retention of cytoplasmic and mitochondrial matrix; and appearance of preand postsynaptic specializations. Other factors included absence of intracellular holes, preservation of myelin, and overall contrast and grain.
Post-embedding immunocytochemistry was performed by techniques previously described (Phend et al., 1992) . Briefly, grids were washed with Bis-buffered saline containing 0.1% Triton X-100 (TBS/T), pH 7.6, incubated overnight in primary antibody (see Eble 1 for details), rinsed in TBS/T, pH 7.6, transferred to TBSIT, pH 8.2, incubated in secondary antibody [goat anti-rabbit IgG conjugated to 15-nm gold particles (Amenham; Arlington Heights, IL), 18-nm particles (Jackson; West Grove, PA), and 30-nm particles (E-Y; San Mateo, CA)] 1:lO-1:25 in TBSIT, pH 8.2, for 1 hr, rinsed, and dried. To control for the specificity of immunoreaction, we substituted pre-immune rabbit serum for primary antibody. To explore how embedment protocols may affect immunoreactivity, we used primary antibodies against antigens of widely varying molecular weights, located in different synaptic compartments, including glutamate (Glu), yaminobutyric acid (GABA), substance P (SP), neuropeptide Y (NPY), calcitonin gene-related peptide (CGRP), and glutamate receptor (GluR1) (see Table 1 for details). For characterization of the GluRl antibody, see Wenthold et al. (1992) and Petralia and Wenthold (1992) .
To eliminate interanimal variability in immunolabeling, as well as the unavoidable day-to-day variations in processing, immunocytochemical results were evaluated mainly by comparing results from grids processed concurrently from a single animal, with various pre-treatments. Results were assessed by evaluating the density of gold particles over large dense-cored vesicles (LDCV) in the case of neuropeptides, over synaptic boutons making symmetric (Type 2) synaptic contacts (GABA) or asymmetric (Type 1) contact (Glu), and over active zones of Type 1 synapses (GluR1).
Results
Sections treated with TA developed a markedly deeper color during subsequent processing with UAc and other metal salts than did untreated sections, and exhibited markedly higher contrast at EM. TA also greatly improved preservation of membranes ( Figure 1 ). However, myelin was poorly preserved and often completely washed out, presumably during the dehydration. We therefore experimented with PPD, to help preserve lipids (Bal, 1990; Guyton and Klemp, 1988; Boshier et al., 1984; Ledingham and Simpson, 1972 Fixation with glutaraldehyde and embedment without either osmium or TA results in poor structural preservation, as indicated by tissue disruption, absence of membranes, and lack of vesicles at synaptic terminals (asterisks). (E) Treatment with TA after perfusion-fixation improves membrane preservation and limits tissue disruption. Note vesicles (arrows) in synaptic terminals and better delineation of various profiles. (C) Good tissue preservation is obtained without osmium by using TA followed by uranyl acetate (UAc). The individual components of the neuropil are clearly outlined by their membranes, and synaptic terminals with all their characteristicorganelles are readily identified. Bar = 0.5 pm. tissue (as indicated both by the color of sections and by EM contrast) but improved myelin preservation. Unexpectedly, it also markedly enhanced immunoreactivity (Figure 2 ). Initial screening of experiments testing heavy metals was with a single antigen (SP) in spinal cord sections. The results are shown in Table 2 . Metals that yielded poor immunocytochemical results or gave rise to precipitates in the tissue were not considered further. We next explored modifications and combinations found useful in the initial screening. Having developed a number of promising procedures yielding good immunocytochemistry for SP and satisfactory structural preservation in spinal cord, we then assessed the relative performances of these techniques with other antigens, including Glu, GABA, CGRP, NYP, and GluRl, in both spinal cord and forebrain.
Preliminary processing and dehydration over ice improved both ultrastructure and immunoreactivity. Comparison with material processed according to standard protocols (using osmium without TA) showed that 1% os04 improved overall contrast and structural preservation, especially myelin. However, labeling in this material was diminished for SP and severely impaired for larger antigens; hanced synaptic structures; it diminished immunoreactivity for CGRP but not for the other antigens tested. Platinum chloride enhanced structural preservation; it enhanced immunoreactivity for SP but had little effect on the other antigens. Rhodium chloride it was also less highly localized than after TA (Figure 3 ). Ethanolic UAc improved overall structural preservation and also enhanced immunoreactivity. Mercuric chloride increased contrast and en-tt. greatly improved; t, improved; 0. no effect; i, impaired; ii, greatly impaired' A l l material was treated in aqueous UAc. Column refers to additional treatment in ethanolic UAC. had similar but weaker effects. Sodium tungstate and lead greatly enhanced contrast but greatly diminished immunoreactivity. All other heavy metals salts tested either damaged immunostaining and/or structural preservation without obvious benefits, or had no significant effects (Table 2) . On the basis of these results, we experimented with combinations of treatment to yield optimal immune staining with satisfactory ultrastructure. Although several transition metals of low atomic number appeared useful when used alone, they did not enhance results when combined with heavy metals. Several protocols yielded good results. These shared a number of steps in common, including TA, aqueous and ethanolic UAc. and PPD. A similar pattern of immunolabeling was seen in sections from all protocols that avoided osmium, lead, and tungstate: GABA and Glu labeling were concentrated over mitochondria and vesicles of terminals exhibiting symmetric and asymmetric active zones, respectively; SP, CGRP, and NPY labeling were concentrated over LDCV (Figure 3) . and labeling for GluRl was closely associated with synaptic active zones (Figure 4) . Gold particles were especially concentrated over the portion of the postsynaptic membrane facing the cleft, and in some cases were also over the presynaptic membrane.
In material double-labeled for GluRl and Glu, synaptic densities labeled with GluRl were associated with Glu-enriched termi-nals ( Figure SA) . To exclude that this was due to non-selective labeling over synapses, we examined material double-labeled for GIuRl and GABA. Synapses associated with GABA-enriched boutons were immunonegative for Glu receptor, whereas GluRl labeling was visible in densities postsynaptic to nearby GABA-negative boutons (Figure 5B ). When normal serum was substituted for GluRl antiserum, gold particles were not seen over synaptic densities.
The following embedment protocol is recommended. Fix by vascular perfusion in a mixture of 2.5% glutaraldehyde, 1% paraformaldehyde, and 0.1% picric acid in PB, pH 7.3. Post-fix for 2 hr in the same solution at 4'C, then stored in PB. Rinse 50-pm vibratome sections well in buffer. All processing is in glass vials, over ice on a shaker until 100% ethanol. Incubate for 40 min in 1% TA in MB and rinse twice in MB. Incubate in the dark for 40 min in 1% UAc in MB, rinse twice in MB, incubate for 20 min in 0.5% platinum chloride in MB, and rinse twice in MB. Then incubate for 5 min each in 50% and 70% ethanol and 15 min in freshly prepared 1% PPD in 70% ethanol. Rinse twice in 70% ethanol, rinse again in 70% ethanol, and dehydrate for 5 min in 80% and 95% ethanol and twice for 5 min in 100% ethanol. Then add 1:1 ethano1:propylene oxide for 5 min and incubate twice for 5 min in 100% propylene oxide. Resin is added to vials to make a 1:1 mixture with propylene oxide and gently mixed on a rotator for 2 hr, Figure 5 . Double immunolabeling for amino acids and for GluRl (1:lOOO). (A) After labeling for GIuR1, antigenic sites were deactivated by the method of Wang and Larsson (1985) and processed for Glu (1:500,000). Large (30-nm) particles coding for Glu are enriched in terminals amid round, clear synaptic vesicles. Small (18-nm) particles coding for GluRl are concentrated at synapses made by glutamergic terminals (arrows). then 3:l mixture with propylene oxide for 2 hr, then 100% resin overnight (12 hr). The next morning, sandwich sections between strips of ACLAR plastic (flattened with glass microscope slides) and cure for 24 hr at 60°C.
In our hands, the above protocol yielded the best overall combination of immunoreactivity and structural preservation. It provided immunoreactivity markedly superior to that of "standard" osmium-treated tissue, and although myelin was more disrupted than after osmium, in other respects structural preservation was comparable to that seen with tissue processed according to standard protocols.
Discussion
It is generally believed that for optimal immunolabeling glutaraldehyde should be kept to a minimum, osmium should be avoided, even at the cost of loss of structural preservation, and tissue should be embedded in acrylic plastics at low temperature or cut by ultracryotomy without embedding (Kellenberger and Hayat, 1991; Stirling, 1990; Bendayan et al., 1987) . Restricting the concentration of glutaraldehyde compromises structure and fails to retain small soluble antigens, such as amino acids (Ottersen. 1989 ). In the absence of osmium, dehydration and embedding may disrupt membranes, especially in delicate tissues such as brain. Removal of osmium from a thin section may restore antigenicity but with variable results, while impairing contrast and membrane preservation (Bettica and Johnson, 1990;  Stirling, 1989;  Bendayan and Zollinger, 1983) . Embedding in acrylic plastics at low temperatures may preserve antigenicity (Oprins et al., 1994; Migheli et al., 1992; Stirling, 1992;  van Lookeren Campagne et al., 1991; Newman and Hobot, 1987; Valentino et al., 1985;  Bendayan and Shore, 1982;  Armbruster et al., 1982; Roth et al., 1981) . but these plastics provide poorer stability under the electron beam than epoxy-based resins. Ultracryotomy, although optimal for antigenicity, is techni- cally challenging and may give poor structural preservation (Oprins et al., 1994; Tokuyasu, 1986) . Acrylic-based plastics are thought to provide better immunoreactivity than epoxy-based plastic because of milder polymerization conditions, less cross-linking with tissue antigens, less antigen denaturation, and/or better antibody access. However, antigenicity often withstands denaturation surprisingly well (Kellenberger and Hayat, 1991) . Acrylics may derive their advantage largely from the roughness of sections, resulting in increased surface area available for antibody binding (Kellenberger et al., 1987) . Although it seems obvious that non-embedded material offers better antibody access than plastic sections, goldlabeled antibodies penetrate no more than a few nanometers even into a cryosection (Stierhof et al. 1986 (Stierhof et al. ,1991 .
We demonstrate here good structural preservation in the complete absence of osmium; the combination of TA, UAc, and PPD must somehow substitute for the effects of osmium in the tissue. The efficacy of both TA and UAc in preservation of membranes is well known. The limited penetration of TA into intracellular compartments is likely to underlie the poor preservation of myelin (consisting mainly of multiple lamellae of plasma membranes). TA appears to stabilize the matrix of LDCV in unfixed tissue, perhaps via electrostatic interactions (Buma and Nieuwenhuys, 1987; Buma et al., 1984; Roubos and van der Wal-Divendal, 1980) . A similar stabilization in fixed tissue sections might help to explain why labeling is more restricted to LDCV after TA than after traditional os04 post-fixation.
UAc en bloc, commonly used in post-embedding immunocytochemical studies, has recently been combined with TA for embedding in acrylics (Berryman et al., 1992) . In the present study, TA and UAc appeared to act synergistically. The increased retention of UAc after TA would obviously help to enhance tissue contrast. A "shell" of uranyl ions may protect the antigen from denaturation during dehydration and/or prevent it cross-linking with the epoxy resin during polymerization, thus enhancing immunoreactivity. Platinum may have a similar (although weaker) effect. Whether the improved structural preservation seen after platinum treatment represents a true fixative effect, or simply enhanced visibility due to its affinity for specific tissue components, remains to be determined. Because platinum binds avidly to the diaminobenzidine polymer generated by pre-embedding immunocytochemistry (de Bruijn et al., 1986) , its inclusion in our protocol is especially significant for combining pre-and post-embedding immunocytochemistry. That dehydration on ice enhances preservation of structure and antigenicity is consistent with previous reports using acrylics. This is usually attributed to increased hydration of proteins and lower solubility of lipids in organic solvents at low temperatures.
PPD is believed to act by reducing osmium (Guyton and Klemp, 1988; Boshier et al., 1984; Ledingham and Simpson, 1972) , which was not used in our material. Therefore, the lipid-preserving effect of PPD must also involve other mechanisms. The unexpected enhancement of antigenicity after PPD might be related to this preservation of lipids; embedding via cryosubstitution, which spares lipids, also helps to retain antigenicity (Oprins et al., 1994; Stirling, 1992; van Lookeren Campagne et al., 1991) . PPD also appears to remove some of the UAc from the tissue. Even if UAc contributes to preserving antigenicity (as discussed above), it is possible that excess UAc (perhaps complexed by TA in the extracellular space) interferes with immunolabeling.
It is usually believed that the detrimental effects of osmium on immunoreactivity can be overcome by its removal by treatment with HzOz or metaperiodate. However, os04 is also a powerful oxidizing agent; in view of the detrimental effects on immunoreactivity also seen in the present study with other oxidizing agents (nitrates and tungstate) and the immunopreservative effect of PPD (an antioxidant), one can speculate that redox effects during fixation and embedding may also play an important role in immunoreactivity.
The method reported here provided little improvement in immunolabeling for amino acids in comparison with previous reports using conventional osmium treatment. Our protocol yielded labeling for neuropeptides mainly over LDCV consistent with previous reports, but with higher sensitivity than in most previous studies (Alvarez et al., 1993; Merighi et al., 1992; De Biasi and Rustioni, 1988; Varndell et al., 1982) , especially considering the high antibody dilutions used. This increased sensitivity was most pronounced for CGRP, a large neuropeptide. The most striking result with the present method was for GluR1. Previous biochemical studies have supported its predominant localization at the synaptic active tone ([see review by Kennedy (1993) ], but direct ultrastructural confirmation has been difficult. Published reports have focused on preembedding material fixed in low concentrations of glutaraldehyde (Baude et al., 1994; Tachibana et al., 1994; Eshar et al., 1993; Martin et al., 1993; MolnLr et al., 1993; Petralia and Wenthold, 1992) . To our knowledge, the present study is the first published report of post-embedding immunocytochemistry for GluR1. Three recent reports have demonstrated other receptors using more traditional post-embedding techniques (Fu et al., 1994; Nusser et al., 1994; Baude et al., 1993) , but immunoreactivity was weak and tissue preservation was compromised, presumably owing to the methods used (weak fixation, ultracryotomy, and acrylic embedding). Our technique offers the possibility of better structural preservation and more accurate localization of receptors. Moreover, since this can be performed after fixation in 2.5% glutaraldehyde, it permits simultaneous immunocytochemical localization of amino acid neurotransmitters and their receptors.
